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1  | INTRODUC TION
Intraspecific variation in the expression of biological ornaments is 
ubiquitous and has received considerable attention because body 
coloration often signals individual quality during fighting and mating 
interactions (e.g. Galván & Møller, 2009). Yet, biological ornaments 
are complex, multicomponent signals that convey different messages 
to congeners according to the reflectance properties and location of 
the color patch on the body, and functional correlations with other 
nonvisual signals (Cuthill et al., 2017; Grether, Kolluru, & Nersissian, 
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Abstract
The understanding of developmental patterns of body coloration is challenging be-
cause of the multicomponent nature of color signals and the multiple selective pres-
sures acting upon them, which further depend on the sex of the bearer and area of 
display. Pigmentary colors are thought to be strongly involved in sexual selection, 
while structural colors are thought to generally associate with conspecifics interac-
tions and improve the discrimination of pigmentary colors. Yet, it remains unclear 
whether age dependency in each color component is consistent with their potential 
function. Here, we address lifelong ontogenetic variation in three color components 
(i.e. UV, pigmentary, and skin background colors) in a birth cohort of common lizards 
Zootoca vivipara	across	three	ventral	body	regions	(i.e.	throat,	chest,	and	belly).	All	
three color components developed sexual dichromatism, with males displaying 
stronger pigmentary and UV colors but weaker skin background coloration than fe-
males. The development of color components led to a stronger sexual dichromatism 
on the concealed ventral region than on the throat. No consistent signs of late- life 
decay in color components were found except for a deceleration of UV reflectance 
increase with age on the throat of males. These results suggest that body color com-
ponents in common lizards are primarily nonsenescent sexual signals, but that the 
balance between natural and sexual selection may be altered by the conspicuousness 
of the area of display. These results further support the view that skin coloration is a 
composite trait constituted of multiple color components conveying multiple signals 
depending on age, sex, and body location.
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2004). Individual color components can be divided in two catego-
ries including either structurally based coloration, such as ultraviolet 
(UV) reflectance that originates from ultra- structure properties of 
the color patch, or pigmentary- based coloration that originates from 
pigment absorption and often plays an important role in sexual se-
lection (e.g. Svensson & Wong, 2011), such as yellow–orange carot-
enoids	(Martin,	Meylan,	Gomez,	&	Le	Galliard,	2013).	Furthermore,	
the same color component may signal different characteristics de-
pending on the body location and sex of the bearer. For example, dif-
ferent pigmentary color patches may signal sexual receptivity, social 
dominance,	or	mate	quality	 (LeBas	&	Marshall,	2000;	Ord,	Klomp,	
Garcia- Porta, & Hagman, 2015). Thus, studies of intraindividual 
variation can critically help understanding how differences in body 
coloration are generated and which selective mechanisms might be 
involved (e.g. Badyaev, Hill, Dunn, & Glen, 2001; Evans & Sheldon, 
2013; Galván & Møller, 2009).
However, previous studies of intraindividual variation in body 
coloration have generally failed to account for the complexity of 
visual signals by not examining jointly distinct color components 
in different body regions. In addition, although most conspicuous 
color traits are to some degree positively age dependent, the shape 
of their age- related variation, especially senescence patterns, re-
mains unclear (Bradley, Hubbard, Jenkins, & Safran, 2014; Evans, 
Gustafsson, & Sheldon, 2011; Evans & Sheldon, 2013; Galván & 
Møller, 2009; Torres & Velando, 2007). The study of age depen-
dency in color signaling, and more particularly color ontogeny and 
senescence, can further our understanding of the function of in-
dividual color components. First, ontogeny of body color, which is 
the development of individual color components in early stages of 
life, can be related to the life history of individuals (Booth, 1990; 
Oh & Badyaev, 2010; Olsson, Stuart- Fox, & Ballen, 2013). More 
particularly, color components with a rapid onset may play a role 
in juvenile life stages, for instance by regulating intraclass com-
petition among juveniles, while color components with an onset 
around the age of maturity are more likely to be involved in sexual 
selection (Grunst, Rotenberry, & Grunst, 2014). Second, the study 
of senescence of color components, that is the decay of individ-
ual color components in late life, provides hints for the selective 
pressures acting on them (Galván & Møller, 2009). In general, the 
maintenance and display of a conspicuous coloration is costly, 
and late- life decrease in the expression of color components is 
expected from natural selection (Evans et al., 2011). Conversely, 
sexual selection should favor an increased expression with age of 
color components critical for mating success (Evans et al., 2011). 
Similarly, organisms where reproductive outputs typically increase 
with age/size such as in many indeterminately growing species 
of ectothermic vertebrates may not be subjected to senescence 
(Vaupel,	 Baudisch,	 Dölling,	 Roach,	 &	 Gampe,	 2004).	 Altogether,	
the ontogeny of color signals that are not involved in sexual se-
lection should be identical in males and females and show sign of 
senescent decay only if they are costly to produce and maintain. 
On the other hand, the ontogeny of color signals involved in sexual 
selection should be different in the two sexes, and should not be 
subjected to senescence as a result of a terminal investment strat-
egy	(Cote,	Le	Galliard,	Rossi,	&	Fitze,	2008).	Yet,	it	remains	unclear	
whether these patterns of age dependency of color components 
are consistent with their supposed functions and the conspicuous-
ness of the display (e.g. different body areas).
To further our understanding of the link between ontogeny and 
function of body color, we analyzed age- dependent variation in body 
coloration from a longitudinal study of a cohort of common lizards 
(Zootoca vivipara) measured repeatedly throughout life until the 
age of 4 years old, where reproductive senescence starts (Massot 
et al., 2011). This species is characterized by a conspicuous UV and 
yellow–red carotenoid based ventral coloration extending from 
the throat to the belly and involved in social dominance and mate 
choice (Martin et al., 2013). Skin coloration is produced by dermal 
chromatophore units including a first layer of xanthophores where 
carotenoids are located, a second layer of iridophores where light is 
scattered and reflected by crystals in short and long wavelengths, 
and a third innermost layer of melanophores (Grether et al., 2004; 
San-	Jose,	Granado-	Lorencio,	Sinervo,	&	Fitze,	2013).	We	thus	quan-
tified three major color components, including carotenoid pigmen-
tary, UV structural, and skin background (i.e. produced by dermal 
chromatophores) structural colors (San- Jose et al., 2013), in three 
body regions (throat, chest, and belly) that play different roles in 
social interactions (Martin et al., 2013). In the common lizard, adult 
males display stronger UV and pigmentary colorations than females, 
UV color intervenes in intrasexual competition among males for fe-
males, and pigmentary color potentially intervenes in intersexual se-
lection such as mate choice in females (Martin et al., 2013; Martin, 
Meylan, et al., 2015; Vercken, Massot, Sinervo, & Clobert, 2007). 
Hence, an intense UV and pigmentary coloration is thought to be pri-
marily a male sexual signal. These studies also reported that this sex-
ual dichromatism was more marked on the chest- belly region than 
on the throat (Martin et al., 2013). This, in addition to the fact that 
sexual harassment of females by males occurs in common lizards 
suggests that the cost of the display of intersexual signals should be 
magnified on the throat (Martin et al., 2013; Vercken et al., 2007). 
Yet, these color components have also been shown to play a role 
in social interactions, such as dominance, and are thus influenced 
by	natural	selection	(Vercken	et	al.,	2007).	A	priori,	skin	background	
reflectance should be an inexpensive color component to produce 
and maintain and might not be involved in reproduction (San- Jose 
et al., 2013).
Based on this work, we can formulate predictions on the age- 
dependent pattern of body color components of common lizards in 
each sex and each body location. First, UV and pigmentary colors 
should develop more strongly in males and should not be subjected 
to senescent late- life decay, as intense UV and pigmentary colors 
are primarily thought to be a male sexual signal. Second, the devel-
opment of sexual dichromatism in these two color components is 
expected to be stronger on the belly than on the throat due to the 
high cost of conspicuous display of sexual ornaments in this species. 
Finally, skin background reflectance should develop identically in 
both sexes and should not be subjected to senescent late- life decay.
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2  | MATERIAL AND METHODS
2.1 | Population and sampling scheme
We measured ontogenetic variation of ventral coloration of common 
lizards in semi- natural populations housed in outdoor enclosures at 
the	 CEREEP-	Ecotron	 IleDeFrance	 nearby	 Paris	 (48°17′N,	 2°41′E,	
France), where conditions are similar to natural habitats apart from 
protection against avian and terrestrial predators. Individuals from 
the same birth cohort were monitored from 2006 to 2010 with nine 
consecutive capture sessions during the activity season, where all 
surviving individuals were captured by hand. To monitor within- 
individual changes, lizards were all marked at birth by toe clipping. 
At	each	capture,	we	measured	body	size	(snout-	to-	vent	length,	SVL)	
to the nearest mm and coloration (see below). True age (in days) was 
calculated as the difference between the date of the measurement 
and the date of birth. To account for periods of inactivity, namely the 
wintering season where lizards are not growing and coloration is not 
changing, we excluded 5 months (from October to February) from 
the year- to- day conversion, resulting in 210 days long active years. 
Sexual maturation occurs around the age of 200 activity days in this 
population	(J.	F.	Le	Galliard).
2.2 | Spectrophotometric measurements and 
data processing
Adult	 lizards	 display	 bright	 yellow–red	 colors	 on	 their	 belly	 and	
white–orange UV reflective colors on their throat (Figure 1), which 
are relevant to social interactions with conspecifics during territo-
rial displays and to mate choice (Fitze et al., 2009; Martin, Meylan, 
et al., 2015). Ventral coloration was assessed by spectrophotometric 
measurements of the reflective properties of the skin in three body 
regions (throat, chest, and belly). Measurements were performed 
using a spectrophotometer (USB2000; Ocean Optics Inc.) calibrated 
between 200 and 850 nm, a Xenon light source (PX- 2) covering 
220–750 nm range, and a 400- μm fiber optic probe (R400- 7- UV/
VIS; Ocean Optics Inc.). Only the 300–700 nm range was considered 
for analysis because it corresponds to the perceptual range of vi-
sion	in	common	lizards	(Martin,	Le	Galliard,	Meylan,	&	Loew,	2015).	
Measurements were obtained by placing and beveling the probe at 
a 45° angle on the lizards’ skin, avoiding black spots, resulting in a 
reading spot of approximately 1 mm2. Reflectance was measured 
relative to a dark and a white diffuse reference background (WS- 
1; Ocean Optics Inc.). Two measurements were made on each body 
area of each lizard (for further details see Martin et al., 2013).
Spectral data processing was carried out using the pavo pack-
age (Maia, Eliason, Bitton, Doucet, & Shawkey, 2013) in R (v3.1.1). 
Spectra were first checked visually and aberrant spectra (308 spec-
tra out of 24,691) as well as spectra of molting individuals (3,401 
spectra)	were	removed.	All	spectra	were	then	smoothed	using	the	
procspec function with a span set to 0.08, and all negative values 
of reflectance were set to 0. Reliable measures of aging require 
repeated measurements on the same individuals until senescence 
starts, but this usually reduces sample size resulting in low statis-
tical power and biased samples due to selective filtering (Nussey, 
Coulson, & Gaillard, 2008). In order to reliably estimate growth tra-
jectories until older ages without reducing too much the sample size, 
we thus extracted a subset of individuals (155 of 1,720) measured 
at least three times, at least once before reaching 100 days in age 
and once after reaching 200 days in age. We removed data taken 
before 2 months (<60 days) of age because ventral coloration was 
still brown or black for most individuals (pers. obs.). This final sam-
ple, which we used for the statistical analysis, thus included data 
from lizards aged 4 years (lizard that lived longer than 1, 2, 2.5, and 
4 years approximately accounted for 75%, 50%, 25%, and 5% of the 
sample size, respectively) when demographic senescence is already 
F IGURE  1 Digital photographs of the 
body color of individual common lizards. 
The individuals are an immature female 
(top left), an adult female (bottom left), 
an immature male (top right), and an adult 
male (bottom right)
12302  |     BONNAFFÉ et Al.
significant in wild populations where the pace of life is slower than in 
our	study	site	(Massot	et	al.,	2011).	As	senescence	is	likely	to	occur	
earlier in populations with faster pace of life, such as ours (Mugabo, 
Marquis,	Perret,	&	Le	Galliard,	2011),	we	thus	expected	clear	signals	
of aging in body coloration traits in our study sample.
We extracted three colorimetric variables to characterize dis-
tinct components of coloration: (a) the UV chroma (percentage of 
total reflectance between 300 and 400 nm), which quantifies the 
relative proportion of UV coloration (Martin et al., 2013; San- Jose 
et al., 2013) and may be affected by structural and pigmentary com-
ponents of the skin (Grether et al., 2004); (b) the violet–blue reflec-
tance (reflectance summed between 400 and 515 nm, Rvioletblue), 
which is negatively correlated with the skin carotenoid content 
(San- Jose et al., 2013); and (c) the skin background reflectance (re-
flectance summed between 575 and 700 nm, Rbackground), which is 
representative of the structural coloration produced by the skin 
background layer of iridophores and melanophores (San- Jose et al., 
2013). We estimated the repeatability of spectrophotometric mea-
surements by calculating the correlation coefficient between the 
first and second measurement of the same body region (n = 10,447); 
overall, we found high repeatability for all traits (ρUV chroma = 0.95, 
ρRvioletblue = 0.93, ρRbackground = 0.87).
2.3 | Statistical analyses
First, we calculated the mean of the two measures per body loca-
tion.	 Our	 initial	 investigations	 (ANCOVA	 with	 body	 location	 as	 a	
three level factor) showed that the only significant differences be-
tween chest and belly colorations consisted in a higher chest skin 
background reflectance in females (p < 0.01) and a stronger drop in 
UV reflectance with age on the chest of females (p = 0.03). In ad-
dition, previous studies on this species found no significant differ-
ence	in	average	body	coloration	between	chest	and	belly	(Martin,	Le	
Galliard, et al., 2015; Martin et al., 2013). Thus, here, observations 
from the belly and chest were pooled and averaged, and hereinafter 
referred to as the chest–belly region (CBR).
We first transformed data to meet the requirements of model as-
sumptions, taking the square root of the violet–blue reflectance and 
the	 skin	background	 reflectance	 to	 the	2/3	power.	All	 continuous	
variables were then standardized with respect to their sample mean 
and standard deviation. The effect of body location, sex, and age, 
as well as their interactions, on each colorimetric variable and color 
contrast was estimated using a multiple regression in linear mixed 
effect models with the lmer procedure in R (Bates, Mächler, Bolker, 
& Walker, 2015). Each full model featured region- dependent qua-
dratic effects of age to account for potential nonlinearity and region 
dependency. In the result section, we refer to estimated linear ef-
fects as β and quadratic effects by the term γ. In addition, each model 
also included the identity of individuals as a random effect as the 
color of each individual in the final sample (n = 155) was measured 
at least three times throughout their lifespan and that for each color 
component	 and	 body	 region.	Alternative	models	were	 also	 tested	
with body size as a covariate instead of age to characterize the 
relationship	between	each	colorimetric	variable	and	body	growth.	A	
stepwise backward model simplification was carried out for each full 
model	until	a	minimum	adequate	model	(MAM)	was	reached.	At	each	
step,	the	term	minimizing	the	change	in	AIC	upon	deletion,	and	if	the	
minimum change was <2, was removed from the full model. This step 
was repeated until the deletion of any of the terms would result in 
a	2-	unit	increase	in	AIC,	at	which	point	the	model	was	accepted	as	
MAM.	To	be	extra	cautious,	the	deletion	of	a	term	was	rejected	if	it	
led to a significant increase in deviance, tested using likelihood- ratio 
tests (see Supporting Information Tables S1 and S3). Finally, we cal-
culated Spearman rank correlations between the individual scores 
of the three colorimetric variables, which were calculated from the 
conditional modes of the random effects of the three minimum ade-
quate linear mixed effect models.
3  | RESULTS
3.1 | Differences between body regions
The mean UV chroma was lower on the chest–belly region (CBR) 
than on the throat, especially in females (Figure 2a,b, Supporting 
Information Table S2), and body regions had similar ontogenetic pat-
terns for UV chroma. The two other colorimetric variables had both 
age- and sex- dependent differences between body regions. Rvioletblue 
was lower on the CBR than on the throat with increasing age, and the 
difference between CBR and throat was higher on average in males 
than in females (Figure 2c,d). Rbackground was slightly higher on the 
CBR than on the throat early in life, especially in females, and then 
reached similar values at older ages (Figure 2e,f).
3.2 | Age- related patterns and relationships with 
body size
The ontogenetic pattern for UV chroma was different between sexes 
(Figure 2a,b, Supporting Information Table S2). The UV chroma de-
creased and then stabilized with age in females, whereas it increased 
and then decreased with age in males. Ontogenetic changes in Rvioletblue 
followed more distinct patterns on the CBR than on the throat and 
were further influenced by sex (Figure 2c,d). Rvioletblue decreased 
slightly with age on the CBR of females (β	=	−0.06	±	0.05,	p = 0.23; 
γ	=	−0.07	±	0.03,	p = 0.04), while it increased on the throat of both 
sexes. The decrease of Rvioletblue on the CBR with age was stronger in 
males than in females (Supporting Information Table S2). Rbackground 
increased and then decreased with age on the CBR, while it increased 
with age on the throat (Figure 2e,f). The increase was slightly lower in 
females than in males (Supporting Information Table S2).
Using body size as a covariate instead of age changed the onto-
genetic patterns because body size growth is strong early in life (up 
to 2 years old) and then decelerates strongly with age (Supporting 
Information Table S4). Relationships with body size were almost 
linear for UV chroma (decrease in females and increase in males), 
throat Rvioletblue (increase in both sexes), and Rbackground (increase 
in both sexes, see Supporting Information Figure S1). Rvioletblue on 
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CBR increased and then decreased with body size in both sexes, 
whereas it decreased rather linearly with age (see above).
3.3 | Correlations between colorimetric variables
Altogether,	 there	 were	 significant	 interindividual	 differences	 for	
each colorimetric variable and for color contrast (c.a. 25%–35% 
of the variance components, Supporting Information Table S2). 
Individual scores for UV chroma correlated positively with Rvioletblue 
(Spearman ρ = 0.46, p < 0.0001) but not with the Rbackground (ρ = 0.09, 
p = 0.25). Individual scores for Rvioletblue correlated positively with 
Rbackground (ρ = 0.58, p < 0.0001).
4  | DISCUSSION
The aim of our study was to characterize ontogenetic patterns of 
each component of the body coloration of common lizard and ad-
dress differences between sexes and body locations. We expected 
ontogenetic patterns to be in line with the supposed function of 
each color component. Namely that UV and pigmentary colors 
would develop and be maintained predominantly in males, as they 
are thought to be male sexual signals, and that skin background 
color would develop and be maintained in late life identically in 
males and females, as thought to be inexpensive nonsexual sig-
nals. Furthermore, we expected that sex- related differences in 
ontogenetic patterns would be smaller on the throat, as the dis-
play of sexual dichromatism is thought to be highly costly in this 
species. Our analyses uncovered distinct ontogenetic patterns be-
tween color components, sexes, and body regions, some of which 
challenge a priori assumptions regarding the selective pressures 
underlying the associated color signal. Overall, our results sug-
gest that the function of a color component, along with associ-
ated selective pressures, most likely varies across sexes and area 
of display.
4.1 | Ontogeny and function of body color
As	 was	 found	 in	 a	 previous	 cross-	sectional	 study	 (Martin	 et	al.,	
2013), our longitudinal study indicates that UV chroma decreased 
with age in females but increased strongly with age in males and 
that in a similar way between the two body regions. This implies that 
F IGURE  2 Change in UV chroma 
(a,b), violet–blue reflectance (c,d), skin 
background reflectance (e,f), along 
age predicted by models for females 
(a,c,e) and males (b,d,f). The solid lines 
correspond to changes predicted from 
best models in Supporting Information 
Table S2 for each body region (light gray: 
throat, dark gray: CBR) and sex
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strong UV coloration may be specific to older males, which further 
suggests that it may more readily signal male characteristics, such as 
sexual maturity or quality, rather than female characteristics. This 
would support earlier behavioral studies that demonstrated the role 
of throat UV coloration as a signal of dominance (i.e. territory hold-
ing capacity) and sexual attractiveness in male lizards (Martin et al., 
2013; Martin, Meylan, et al., 2015).
Interestingly, UV chroma in males showed a decelerating in-
crease with age after the age of 2–3 years (see Figure 2b) despite 
a significant increase with body size (see Supporting Information 
Figure S1). This indicates that the expression of structural UV color-
ation might eventually drop in the oldest, but not the bigger, males. 
However, the effect size of this pattern was small, suggesting weak 
negative effects of senescence. This was expected as UV chroma 
is under sexual selection, and as such might be maintained later in 
life to maximize reproductive output. Mechanisms underlying plastic 
changes late in life in UV chroma are poorly known but may involve 
environmental conditions during molt such as limited food availabil-
ity and/or poor thermal conditions (Bajer, Molnar, Török, & Herczeg, 
2012;	Martin,	Le	Galliard,	et	al.,	2015).	Altogether,	the	development	
of sexual dichromatism in UV chroma is in line with our expectation 
of UV colors being a male sexual signal.
For violet–blue reflectance, an inverse measure of the skin ca-
rotenoid content in the common lizard (San- Jose et al., 2013), sexual 
dichromatism was more apparent on the chest–belly region where 
carotenoid content of the skin of males increased faster with age 
than in females. This result was in line with our hypothesis of carot-
enoid coloration being involved primarily in sexual selection, with 
strong carotenoid colors being a male signal. Indeed, sexual dichro-
matism in yellow–red carotenoid belly coloration in common lizard 
is important for sex recognition, influences mating success in males, 
and is a strategic signal of male–male competition among male color 
morphs (Fitze et al., 2009; Sinervo et al., 2007).
The ontogenetic trajectory of the strength of violet–blue reflec-
tance on the chest–belly region was best explained by a decelerat-
ing decrease, and markedly so in males, showing no sign of late- life 
decay. This suggests that skin carotenoid content increases through-
out life, especially in males, and that it is not subjected to senes-
cence. Given that strong carotenoid coloration is a male signal, and 
if carotenoids were costly to produce and maintain, we would have 
expected female carotenoid coloration to be senescent. Hence, our 
result are in line with the idea that carotenoid coloration can serve as 
an inexpensive sexual signal (Evans & Sheldon, 2013).
For skin background reflectance, an inverse measure of melano-
phore concentration and of the density and spacing of iridophores 
(Grether et al., 2004; San- Jose et al., 2013), sexual dichromatism 
arose from a faster increase with age, but overall lower levels, of skin 
background reflectance in males. This pattern was unexpected given 
that skin background reflectance is not thought to be under sexual 
selection in lizards and should hence not show sexual dichromatism 
(San-	Jose	et	al.,	2013).	As	skin	melanisation	tends	to	 increase	with	
age especially in males, an explanation to this pattern could be that 
color pigments overlay iridophore layers, hence, decreasing the skin 
background reflectance (Grether et al., 2004), which would be con-
sistent with the positive correlation between these two components. 
Alternatively,	 it	 is	possible	that	changes	 in	skin	background	reflec-
tance coincide with changes in iridophore layer reflective properties 
and are linked to sex- based differences in skin ultra- structure. This 
last explanation would further be consistent with the idea that skin 
background reflectance enhances the chromatic discrimination and 
the conspicuousness of the yellow–red carotenoid ventral coloration 
(San- Jose et al., 2013) and may therefore facilitate the visual assess-
ment of chromatic differences among individual males after sexual 
maturation. Thus, it remains unclear whether dichromatism in skin 
background reflectance is a consequence of sexual selection affect-
ing the reflective properties of the iridophore layer, or if it is simply a 
by- product of differences in carotenoid content between males and 
females. Future studies should examine specifically the role of skin 
background reflectance, and therefore iridophore reflective proper-
ties, in sexual selection in the common lizard (Vercken et al., 2007).
Skin background reflectance did not show signs of late- life decay 
so that our study supports the view that it might not be subjected 
to senescence. This is further in line with studies suggesting that 
structural color components are not particularly costly to produce 
and maintain and should thus not be expected to drop in later stages 
of life (San- Jose et al., 2013).
Finally, we also found consistent variation in the color compo-
nents across body regions. Indeed, distinct development patterns 
in UV and pigmentary colors between males and females led to a 
less marked sexual dichromatism on the throat than on the ventral 
region in line with the idea that the display of sexual dichromatism is 
costly in this species. This also implies that the conspicuousness of 
color traits may influence the balance between sexual and natural 
selection, and in this case, conspicuousness might enhance natural 
selection. Furthermore, the different chromaticity of the throat and 
chest–belly regions may also imply that these regions convey differ-
ent information regarding intrasexual and intersexual communica-
tion	 (e.g.	LeBas	&	Marshall,	2000),	or	that	one	body	region	serves	
to enhance visual detection of the other (Grether et al., 2004). 
Altogether,	 all	 color	 components	 developed	 sexual	 dichromatism,	
which was stronger on the more concealed ventral region. Our study 
thus confirms the view that conspicuousness may be a driving force 
in the diversification of color signals, highlighting the need for fur-
ther investigation on the link between color conspicuousness and 
function.
4.2 | Senescence of body color components
In general, the maintenance and display of a conspicuous structural 
and/or pigmentary coloration may be costly, and late- life decrease 
in the expression of color ornaments is therefore expected from 
natural selection (Evans et al., 2011). For example, the foot colora-
tion of blue- footed booby declines with age because older birds are 
more sensitive to the production and maintenance costs of colora-
tion (Torres & Velando, 2007). The yellow- red coloration in the com-
mon lizard is condition- dependent and is sensitive to the availability 
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and quality of food and environmental conditions, implying that the 
maintenance of bright and conspicuous coloration may be costly 
(Cote,	 Arnoux,	 Sorci,	 Gaillard,	 &	 Faivre,	 2010;	 Fitze	 et	al.,	 2009;	
San-	Jose,	Granado-	Lorencio,	&	 Fitze,	 2012;	 San-	Jose	 et	al.,	 2013).	
At	 the	 same	 time,	 it	 is	 also	predicted	 that	 sexual	 selection	 should	
favor a progressive increase in ornament expression with age to 
improve mating success (Evans et al., 2011), as found in some stud-
ies of late- life ornamentation (e.g. Galván & Møller, 2009; Grether, 
Hudon, & Endler, 2001; Weiss, Kennedy, & Bernhard, 2009). Here, 
despite a longitudinal study from multiple individuals covering a de-
velopmental period from sexual maturation to old age where repro-
ductive senescence has been evidenced in the field (Massot et al., 
2011), we found no consistent evidence for any of the color com-
ponents examined to be subjected to senescence, except for am-
biguous signs of late- life decrease in throat UV reflectance in males. 
Ontogenetic patterns were best described by linear or decelerating 
growth curves instead of bell- shaped curves suggesting that, at best, 
the development rise of body coloration slows down in adults. Thus, 
our study confirms earlier results in birds where late- life decline in 
color ornaments is rarely observed and coloration seems to be proof 
against senescence (Evans & Sheldon, 2013).
4.3 | Interactions between color components
The longitudinal study further indicated that consistent interindi-
vidual differences existed for all color traits: individuals with higher 
scores relative to the mean ontogenetic curve maintained on aver-
age similarly higher scores throughout their life (i.e. repeatability 
scores averaging 25%–35%). This suggests that a significant propor-
tion of the color differences expressed during life was determined 
by genetic or early environmental conditions, as found in other stud-
ies highlighting the importance of both genetic and environmental 
contribution to the maintenance of polychromatism in lizards (e.g. in 
the common lizard: Sinervo et al., 2007; Vercken et al., 2007; Fitze 
et al., 2009; Cote et al., 2010). In addition, the individual- level analy-
sis uncovered that our measure of the skin carotenoid concentration 
(i.e. a low violet–blue reflectance) was negatively correlated with UV 
chroma and skin background reflectance. The first correlation could 
be due to the high absorbance of carotenoids at low spectral wave-
length (i.e. below 400–500 nm, Martin et al., 2013), whereas the 
second suggests that the skin background coloration produced by 
iridophores in the range 575–700 nm, as defined by San- Jose et al. 
(2013), actually extends to the range of absorption of carotenoids. 
Yet, it is important to notice that some of the differences in mean 
coloration observed between sexes or between body regions were 
relatively free from these functional correlations at the individual 
level. For example, despite negative correlations between structural 
and pigmentary colorations at the individual level, we found both a 
higher UV and pigmentary coloration in males relative to females on 
the CBR. This highlights a potential decoupling between intra- and 
interindividual constraints on body color variation. In other words, 
structural correlations between color components seem to be over-
ruled by functional correlations, which to our knowledge is a matter 
that has not been directly researched as of now.
5  | CONCLUSION
To conclude, we found in this study that UV, pigmentary, and struc-
tural color components developed sexual dichromatism thus im-
plying that they may be predominantly under sexual selection. In 
addition, we found no consistent evidence for color senescence, 
which support the idea from other studies that sexual ornaments 
rarely senesce. Differences in the ontogeny of sexual dichromatism 
between the throat and belly suggest that the function of a given 
color component can vary with the conspicuousness of the display. 
Overall, our study supports the view that skin coloration is a com-
posite trait, which conveys multiple signals depending on sex, age, 
and body location.
ACKNOWLEDG MENTS
We are thankful to O. Marquis and field assistants for their sup-
port. This study was funded by the Centre National de la Recherche 
Scientifique	 (CNRS),	 the	Agence	Nationale	 de	 la	Recherche	 (ANR,	
grant	07	–JCJC-	0120	to	J.F.L.G.)	and	the	Région	Île-	de-	France	R2DS	
program	 (grant	2007-	06	 to	J.F.L.G.	and	M.M.).	We	certify	 that	we	
have no conflict of interest to declare.
CONFLIC T OF INTERE S T
None declared.
AUTHORS’  CONTRIBUTION
Willem Bonnaffé: statistical analysis, interpretation of the results, 
writing of the paper. Melissa Martin: data collection, review, and edi-
tion of the manuscript prior to submission. Marianne Mugabo: data 
collection, review, and edition of the manuscript prior to submission. 
Sandrine Melan: data collection, supervision of the project, review, 
and	edition	of	the	manuscript	prior	to	submission.	Jean-	Francois	Le	
Galliard: data collection, supervision of the project, advisor during 
the writing process, contributed to the writing of the paper, review, 
and edition of the manuscript prior to submission.
DATA ACCE SSIBILIT Y
The dataset used for the statistical analysis, featuring UV, pigmen-
tary, and structural color components from 155 male and female 
individual lizards, measured at least three times throughout their 
lifespan and across three body regions, will be made available for 
access in Dryad.
12306  |     BONNAFFÉ et Al.
ORCID
Willem Bonnaffé  http://orcid.org/0000-0002-5053-8891 
R E FE R E N C E S
Badyaev,	A.	V.,	Hill,	G.	E.,	Dunn,	P.	O.,	&	Glen,	J.	C.	(2001).	Plumage	color	
as a composite trait: Developmental and functional integration of 
sexual ornamentation. The American Naturalist, 158(3), 221–235. 
https://doi.org/10.1086/321325
Bajer, K., Molnar, O., Török, J., & Herczeg, G. (2012). Temperature, but 
not available energy, affects the expression of a sexually selected ul-
traviolet (UV) colour trait in male european green lizards. PLoS ONE, 
7(3), https://doi.org/10.1371/journal.pone.0034359
Bates, D., Mächler, M., Bolker, B. M., & Walker, S. C. (2015). Fitting lin-
ear mixed- effects models using lme4. Journal of Statistical Software, 
67(1), 1–48. https://doi.org/10.18637/jss.v067.i01
Booth,	 C.	 L.	 (1990).	 Evolutionary	 significance	 of	 ontogenetic	 colour	
change in animals. Biological Journal of the Linnean Society, 40(2), 125–
163. https://doi.org/10.1111/j.1095-8312.1990.tb01973.x https://
doi.org/10.1111/j.1095-8312.1990.tb01973.x
Bradley, R. J., Hubbard, J. K., Jenkins, B. R., & Safran, R. J. (2014). 
Patterns and ecological predictors of age- related performance in fe-
male	North	American	barn	swallows,	Hirundo	rustica	erythrogaster.	
Behavioral Ecology and Sociobiology, 68(11), 1883–1892. https://doi.
org/10.1007/s00265-014-1797-5
Cote,	 J.,	 Arnoux,	 E.,	 Sorci,	 G.,	 Gaillard,	 M.,	 &	 Faivre,	 B.	 (2010).	 Age-	
dependent allocation of carotenoids to coloration versus antioxi-
dant defences. The Journal of Experimental Biology, 213(2), 271–277. 
https://doi.org/10.1242/jeb.035188
Cote,	J.,	Le	Galliard,	J.	F.,	Rossi,	J.	M.,	&	Fitze,	P.	S.	(2008).	Environmentally	
induced changes in carotenoid- based coloration of female lizards: 
A	comment	on	Vercken	et	al..	Journal of Evolutionary Biology, 21(4), 
1165–1172. https://doi.org/10.1111/j.1420-9101.2008.01534.x 
https://doi.org/10.1111/j.1420-9101.2008.01534.x
Cuthill,	I.	C.,	Allen,	W.	L.,	Arbuckle,	K.,	Caspers,	B.,	Chaplin,	G.,	Hauber,	
M. E., … Caro, T. (2017). The biology of color. Science, 357(6350), 1–7. 
https://doi.org/10.1126/science.aan0221
Evans,	 S.	 R.,	 Gustafsson,	 L.,	 &	 Sheldon,	 B.	 C.	 (2011).	 Divergent	 pat-
terns of age- dependence in ornamental and reproductive traits in 
the collared flycatcher. Evolution, 65(6), 1623–1636. https://doi.
org/10.1111/j.1558-5646.2011.01253.x
Evans, S. R., & Sheldon, B. C. (2013). Pigments versus structure: 
Examining the mechanism of age- dependent change in a carotenoid- 
based colour. Journal of Animal Ecology, 82(2), 418–428. https://doi.
org/10.1111/1365-2656.12008
Fitze,	P.	S.,	Cote,	J.,	San-Jose,	L.	M.,	Meylan,	S.,	Isaksson,	C.,	Andersson,	
S., … Clobert, J. (2009). Carotenoid- based colours reflect the stress 
response in the common lizard. PLoS ONE, 4(4), e5111. https://doi.
org/10.1371/journal.pone.0005111
Galván,	I.,	&	Møller,	A.	P.	(2009).	Different	roles	of	natural	and	sexual	selection	
on senescence of plumage colour in the barn swallow. Functional Ecology, 
23(2), 302–309. https://doi.org/10.1111/j.1365-2435.2008.01504.x
Grether,	 G.	 F.,	 Hudon,	 J.,	 &	 Endler,	 J.	 A.	 (2001).	 Carotenoid	 scarcity,	
synthetic pteridine pigments and the evolution of sexual color-
ation in guppies (Poecilia reticulata). Proceedings. Biological Sciences/
The Royal Society, 268(1473), 1245–1253. https://doi.org/10.1098/
rspb.2001.1624 https://doi.org/10.1098/rspb.2001.1624
Grether, G. F., Kolluru, G. R., & Nersissian, K. (2004). Individual co-
lour patches as multicomponent signals. Biological Reviews of 
the Cambridge Philosophical Society, 79(3), 583–610. https://doi.
org/10.1017/S1464793103006390
Grunst,	A.	S.,	Rotenberry,	J.	T.,	&	Grunst,	M.	L.	 (2014).	Age-	dependent	
relationships between multiple sexual pigments and condition in 
males and females. Behavioral Ecology, 25(2), 276–287. https://doi.
org/10.1093/beheco/art124
LeBas,	N.	R.,	&	Marshall,	N.	J.	(2000).	The	role	of	colour	in	signalling	and	
male choice in the agamid lizard Ctenophorus ornatus. Proceedings 
of the Royal Society of London Series B- Biological Sciences, 267(1442), 
445–452. https://doi.org/10.1098/rspb.2000.1020
Maia, R., Eliason, C. M., Bitton, P. P., Doucet, S. M., & Shawkey, M. D. 
(2013).	 pavo:	 An	 R	 package	 for	 the	 analysis,	 visualization	 and	 or-
ganization of spectral data. Methods in Ecology and Evolution, 4(10), 
906–913. https://doi.org/10.1111/2041-210X.12069
Martin,	 M.,	 Le	 Galliard,	 J.-F.,	 Meylan,	 S.,	 &	 Loew,	 E.	 R.	 (2015).	 The	
importance of ultraviolet and near- infrared sensitivity for visual 
discrimination in two species of lacertid lizards. The Journal of 
Experimental Biology, 218(3), 458–465. https://doi.org/10.1242/
jeb.115923
Martin,	M.,	Meylan,	S.,	Gomez,	D.,	&	Le	Galliard,	J.	F.	(2013).	Ultraviolet	
and carotenoid- based coloration in the viviparous lizard Zootoca vi-
vipara	(Squamata:	Lacertidae)	in	relation	to	age,	sex,	and	morphology.	
Biological Journal of the Linnean Society, 110(1), 128–141. https://doi.
org/10.1111/bij.12104
Martin,	 M.,	 Meylan,	 S.,	 Haussy,	 C.,	 Decencière,	 B.,	 Perret,	 S.,	 &	 Le	
Galliard, J.-F. (2015). UV color determines the issue of conflicts but 
does not covary with individual quality in a lizard. Behavioral Ecology, 
27(1), 262–270. https://doi.org/10.1093/beheco/arv149
Massot,	 M.,	 Clobert,	 J.,	 Montes-Poloni,	 L.,	 Haussy,	 C.,	 Cubo,	 J.,	 &	
Meylan,	S.	(2011).	An	integrative	study	of	ageing	in	a	wild	population	
of common lizards. Functional Ecology, 25(4), 848–858. https://doi.
org/10.1111/j.1365-2435.2011.01837.x
Mugabo,	M.,	Marquis,	O.,	 Perret,	 S.,	 &	 Le	Galliard,	 J.	 F.	 (2011).	Direct	
and socially- mediated effects of food availability late in life on life- 
history variation in a short- lived lizard. Oecologia, 166(4), 949–960. 
https://doi.org/10.1007/s00442-011-1933-0
Nussey, D. H., Coulson, T., & Gaillard, J. (2008). Measuring senescence in wild 
animal	populations :	Towards	a	longitudinal	approach.	Functional Ecology, 
22, 393–406. https://doi.org/10.1111/j.1365-2435.2008.01408.x 
https://doi.org/10.1111/j.1365-2435.2008.01408.x
Oh,	K.	P.,	&	Badyaev,	A.	V.	(2010).	Structure	of	social	networks	in	a	pas-
serine bird: Consequences for sexual selection and the evolution of 
mating strategies. The American Naturalist, 176, E80–E89. https://doi.
org/10.1086/655216
Olsson, M., Stuart-Fox, D., & Ballen, C. (2013). Genetics and evolution of 
colour patterns in reptiles. Seminars in Cell and Developmental Biology, 
24(6–7), 529–541. https://doi.org/10.1016/j.semcdb.2013.04.001
Ord,	T.	J.,	Klomp,	D.	A.,	Garcia-Porta,	J.,	&	Hagman,	M.	(2015).	Repeated	
evolution of exaggerated dewlaps and other throat morphology in 
lizards. Journal of Evolutionary Biology, 28(11), 1948–1964. https://
doi.org/10.1111/jeb.12709
San-Jose,	 L.	 M.,	 Granado-Lorencio,	 F.,	 &	 Fitze,	 P.	 S.	 (2012).	 Vitamin	
E,	 vitamin	 A,	 and	 carotenoids	 in	 male	 common	 lizard	 tis-
sues. Herpetologica, 68(1), 88–99. https://doi.org/10.1655/
HERPETOLOGICA-D-11-00029.1
San-Jose,	L.	M.,	Granado-Lorencio,	F.,	Sinervo,	B.,	&	Fitze,	P.	S.	 (2013).	
Iridophores and not carotenoids account for chromatic varia-
tion of carotenoid- based coloration in common lizards (Lacerta 
vivipara). The American Naturalist, 181(3), 396–409. https://doi.
org/10.1086/669159
Sinervo, B. R., Heulin, B., Surget-Groba, Y., Clobert, J., Miles, D. B., Corl, 
A.,	 …	 Davis,	 A.	 R.	 (2007).	Models	 of	 density-	dependent	 genic	 se-
lection and a new rock- paper- scissors social system. The American 
Naturalist, 170(5), 663–680. https://doi.org/10.1086/522092
Svensson,	P.	A.,	&	Wong,	B.	B.	M.	 (2011).	Carotenoid-	based	 signals	 in	
behavioural	ecology:	A	review.	Behaviour, 148(2), 131–189. https://
doi.org/10.1163/000579510X548673
Torres,	 R.,	 &	 Velando,	 A.	 (2007).	 Male	 reproductive	 senescence:	 The	
price of immune- induced oxidative damage on sexual attractiveness 
     |  12307BONNAFFÉ et Al.
in the blue- footed booby. Journal of Animal Ecology, 76(6), 1161–1168. 
https://doi.org/10.1111/j.1365-2656.2007.01282.x
Vaupel,	J.	W.,	Baudisch,	A.,	Dölling,	M.,	Roach,	D.	A.,	&	Gampe,	J.	(2004).	
The case for negative senescence. Theoretical Population Biology, 
65(4), 339–351. https://doi.org/10.1016/j.tpb.2003.12.003
Vercken, E., Massot, M., Sinervo, B., & Clobert, J. (2007). Colour variation 
and alternative reproductive strategies in females of the common liz-
ard Lacerta vivipara. Journal of Evolutionary Biology, 20(1), 221–232. 
https://doi.org/10.1111/j.1420-9101.2006.01208.x
Weiss,	 S.	 L.,	Kennedy,	 E.	A.,	&	Bernhard,	 J.	A.	 (2009).	 Female-	specific	
ornamentation predicts offspring quality in the striped plateau lizard, 
Sceloporus virgatus. Behavioral Ecology, 20(5), 1063–1071. https://
doi.org/10.1093/beheco/arp098
SUPPORTING INFORMATION
Additional	 supporting	 information	 may	 be	 found	 online	 in	 the	
Supporting Information section at the end of the article.
How to cite this article: Bonnaffé W, Martin M, Mugabo M, 
Meylan	S,	Le	Galliard	J-F.	Ontogenetic	trajectories	of	body	
coloration reveal its function as a multicomponent 
nonsenescent signal. Ecol Evol. 2018;8:12299–12307. https://
doi.org/10.1002/ece3.4369
